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Abstract. Theoretical work and general circulation model 
(GCM) experiments uggest that the midlatitude jet stream's 
interaction with large-scale topography can drive intrasea- 
sonal oscillations in large-scale atmospheric circulation pat- 
terns. In support of this theory, we present new observa- 
tional evidence that mountain-induced torques play a key 
role in 15-30-day oscillations of the Northern Hemisphere 
circulation's dominant patterns. The affected patterns in- 
clude the Arctic Oscillation (AO) and the Pacific-North- 
American (PNA) pattern. Positive torques both accelerate 
and anticipate the midlatitude westerly winds at these peri- 
odicities. Moreover, torque anomalies anticipate the onsets 
of weather regimes over the Pacific, as well as the break-ups 
of hemispheric-scale regimes. 
Introduction 
Observational studies show that, above a broad-band 
background, midlatitude low-frequency variability (LFV) is 
characterized by intermittent weather regimes [Cheng and 
Waltace, 1993; Kimoto and Ghil, 1993], and by intrasea- 
sonal oscillations [Branstator, 1987; Kushnir, 1987; Ghil et 
al., 1991]. The latter are known to be modulated by tropi- 
cal convection at the 30-60-day time scale of the Madden- 
Julian Oscillation (MJO) [Madden and Julian, 1994; Higgins 
and Mo, 1997], and the 2-6-year time scale of the E1 Nifio- 
Southern Oscillation (ENSO) [Rasmusson and Mo, 1993]. 
On the other hand, theoretical model studies [Charney and 
DeVore, 1979; Pedlosky, 1981; Legras and Ghil, 1985; Jin 
and Ghil, 1990] suggest that the midlatitude jet stream's in- 
teraction with large-scale topography can drive midlatitude 
intraseasonal oscillations in both zonal and non-zonal winds. 
This theory of oscillatory topographic instability is sup- 
ported by numerical experiments using quasi-geostrophic 
models with full-sphere geometry and realistic topography 
[Strong et al., 1995] as well as by GCM simulations [Marcus 
et at., 1996]. Ghit and Robertson [2000] discuss the topo- 
graphically driven oscillations' properties across a full hier- 
archy of models. So far, direct observational support for 
oscillatory topographic instability has been fairly limited 
[Metz, 1985]. The theory, if correct, implies that mountain 
torques drive a significant fraction of atmospheric variabil- 
ity within an intraseasonal frequency band and might have 
predictive value. 
The link between mountain torques and changes in global 
atmospheric angular momentum M is well established 
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[Hide et at., 1980; Hide and Dickey, 1991]. Changes in M 
arise either through torques exerted at the lower bound- 
ary by small-scale turbulent friction or by surface-pressure 
differences across mountains. On time scales shorter than 
a season, the relative role of these two factors in affect- 
ing M is subject to debate. In the 30-60-day band, M- 
changes are driven about equally by the mountain torque 
TM and by frictional torque TF; changes in TF accompany 
the MJO through tropical surface-wind anomalies [Madden, 
1987; Madden and $peth, 1995; Weickmann et at., 1997]. 
At periodicities below 15 days, M-changes are primarily re- 
lated to mountain torque changes that accompany synoptic 
weather systems as they cross the ROckies or the Himalayas 
[Iskenderian and $alstein, 1998]. 
The intermediate 15-30-day band, however, where ma- 
jor extratropical oscillations occur [Branstator, 1987; Kush- 
nir, 1987; Ghit and Robertson, 2000, and further references 
therein], has not been examined in sufficient detail. This is 
surprising, since in the Northern Hemisphere (NH), signifi- 
cant cross-spectral peaks between Ta4 and barotropic zonal 
wind occur at periods above 15 days, while Ta4 also affects 
a blocking index at these time scales [Metz, 1985]. Using 
a much longer and physically more self-consistent dataset 
than was available to Metz in 1985, we demonstrate that (i) 
the 15-30-day band is precisely the one where the mountain 
torque exhibits its most significant spectral peaks; (ii) these 
spectral peaks in TM are linked to large-scale atmospheric 
flow patterns; and (iii) changes in TM anticipate those in 
the flow patterns. 
Results 
The 40-year NCEP/NCAR reanalysis dataset [Kalnay et 
al., 1996] is ideal for our purpose. It is a dynamically com- 
plete set of meteorological fields for 1958-1997, constructed 
with NCEP's current data assimilation system. To assess its 
accuracy we have computed the global angular momentum 
budget for 1958-1997 and verified that the tendency dM/dt 
is very similar to the independent estimate of Madden and 
$peth [1995], based on ECMWF data. In addition, the total 
torque Ta4 + T• does follow dM/dt very closely (cf. Ap- 
pendix A). Over the full 40-year, the correlation coefficient 
r between dM/dt and the total torque is r- 0.87. 
Our results are presented for the NH, north of 20øN. The 
power spectrum of NH mountain torque (Figure 1), con- 
structed using the multi-taper method (MTM see Appendix 
B) [Thomson, 1982; Derringer et at., 1995; Mann and Lees, 
1996], exhibits five significant peaks in the 15-30-day range 
above an almost white background. The MTM spectrum 
drops sharply for periods longer than 30 days, indicating 
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Figure 1. MTM spectra of NH TM based on time series of 3- 
day averages, using 8 tapers and a resolution of 1.3710-3cy/day. 
The light (heavy) dashed line gives the 95% (99%) significance 
level. 
that the MJO cannot affect the NH mountain torque in a 
major way. 
To capture the dominant spatial patterns of atmospheric 
flow variability, we take 3-day-mean geopotential height 
maps of the 700-hPa pressure surface and compute empirical 
orthogonal functions (EOFs) over the NH, as well as over 
the Pacific-North-American (PAC) sector (120øE-60øW, 
20øN-90øN). The first two NH EOFs have a large zonally 
symmetric component. The first EOF (Figure 2a) describes 
changes in the midlatitude zonal-wind speed and mass dis- 
tribution that are associated primarily with the subtropical 
jet and the seasonal cycle. The second NH EOF (Figure 
2b) describes modulations in the strength of the polar vor- 
tex and resembles the lower-tropospheric manifestation of 
the AO [ Thomson and Wallace, 1998]. The third PA C EOF 
(Figure 2c) corresponds to an east-west dipole centered over 
the Rockies that resembles the PNA pattern [Wallace and 
Gutzler, 1981]; its primary center of action, over the north- 
eastern Pacific, describes an anomalous extension or con- 
traction of the jet stream in this sector. 
We project the individual 700-hPa height maps onto the 
three EOFs in Figure 2 to obtain the corresponding princi- 
pal components (PCs). Each of their spectra (not shown) 
exhibits significant peaks in the 15-30-day band. To quan- 
tify the correspondence between these peaks and those in 
the NH TM (Figure 1), we focus on the 15-30-day range by 
band-pass filtering all series between 15 and 35 days (see Ap- 
pendix B). The amplitudes of the four resulting series (for 
the torque and the three PCs respectively) are quite sub- 
stantial: after subtracting the seasonal cycles they account 
for typically 25% of the variance of the respective unfiltered 
time series. The NH TM and the PCs show highly significant 
lag correlations in all three cases (Figure 3). The correla- 
tions between the unfiltered time series with the seasonal 
cycle removed (not shown) are about half as large as in the 
filtered data. 
For NH PCs i and 2, the correlations are nearly anti-- 
symmetric with respect to lag, and lffear-zero at zero lag. 
This phase quadrature agrees with the dominance of TM in 
Eq. (1) for our intraseasonal frequency band. Positive values 
of TM, i.e. an eastward acceleration of the atmosphere, lead 
positive coefficients of NH EOFs I and 2. Thus stronger 
than usual midlatitude westerly winds follow larger Tx• by 
up to about 10 days. To corroborate that these 15-30-day 
variations in NH TM are a key driver of midlatitude changes 
in M, we integrated riM/dr between 20øN and 90øN over the 
15-30-day band. The angular momentum tendency's varia- 
tions are very close in amplitude and phase to those in NH 
mountain torque; their correlation at zero lag is r - 0.7. 
The surface pressure changes associated with the hemi- 
spheric EOFs I and 2 are essentially meridional (Figures 
2a,b), while the patterns that produce a large TM ex- 
hibit strong zonal gradients of surface pressure and 700-hPa 
geopotential height across the Rockies and Himalayas re- 
spectively (not shown). Hence a strong mountain torque 
signal cannot be a passive by-product of the flow changes as- 
sociated with PCs I and 2. This observation is entirely con- 
sistent with the correlations between TM on the one hand, 
and PCs I and 2, on the other, being almost zero at zero 
lag (Figure 3). 
The Pacific sectoffal PC-3's correlation with the moun- 
tain torque is also highly significant and shows the torque 
to lead the PC. Thus, mountain forcing anticipates changes 
in the dominant pattern of Pacific-sector variability (Fig- 
ure 2c). These changes, in turn, affect the intensity of the 
jet over the northeastern Pacific and thus the angular mo- 
mentum M. In contrast to the hemispheric PCs, the third 
Pacific EOF is itself associated with a large pressure differ- 
ence across the Rockies and, therefore, a mountain torque. 
This is consistent with the smaller phase lag between the 
torque and PAC PC-3, compare d to the hemispheric modes 
(Figure 3). 
To check the potential significance of our findings for 
extended-range prediction, we have isolated the dominant 
patterns of atmospheric LFV using an analysis of weather 
regimes [Ghil et al., 1991]. Our analysis reproduces the NH 
and PA Cregimes found in previous studies during the winter 
months [Kimoto and Ghil, 1993; Cheng and Wallace, 1993; 
$myth et al., 1999]. The first and third hemispheric regimes, 
by frequency-of-occurrence, resemble contrasting phases of 
the AO, i.e. of NH EOF 2 (Figure 2b). NH mountain torque 
variations in the 15-30-day band contribute to the break-up 
of both of these regimes. Over the PA C sector, we find that 
unfiltered torque anomalies anticipate the onset of the two 
most significant Pacific regimes- which resemble opposite 
polarities of PA C EOF 3- by a few days. 
Summary 
Our observational results indicate that large-scale changes 
in the extratropical atmosphere with periods of 15-30 days 
are often anticipated by mountain-torque changes. For the 
NH EOFs i and 2 we find strong evidence that the moun- 
tain torque actively drives these changes because: (i) the 
torque leads the PCs in phase quadrature; and (ii) both 
EOFs patterns are zonally symmetric to a large degree and 
thus very different from flow patterns that would produce a 
large mountain torque per se. For the Pacific-sector EOF 3, 
we find TM to lead its PC by about 7r/3. This phase rela- 
tionship is consistent with PA C PC 3 being associated with 
changes in the jet intensity over the northeastern Pacific and 
thus atmospheric angular momentum M. 
The changes induced by the torque affect the onset and 
break of important patterns of NH LFV, in particular the 
AO and the PNA pattern. These observational findings are 
entirely consistent with the theory of oscillatory topographic 
instability [Legras and Ghil, 1985; Jin and Ghil, 1990]. The 
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Figure 2. EOFs of ?00-hPa geopotential heights evaluated over 1958-1997 using maps of three-day means. a) EOF 1 for NH; b) 
EOF 2 for NH; and c) EOF 3 for PAC. Negative contours are dashed. 
theory's predictions have been verified now across a full hi- 
erarchy of models [Strong eta/., 1995; Marcus et al., 1996; 
Ghil and Robertson, 2000] and provide the most plausible 
mechanism so far to explain our observational findings. 
Appendix A: Angular momentum 
budget 
The budget of angular momentum M is given by 
dM 
dt = T• + T•, , (A1) 
where TM is the mountain torque and Tr is the friction 
torque (see for instance [Madden and $•t•, 1995]). Daily 
zonal-wind averages u, at the 19 reanalysis pressure (p) 
levels, together with daily averages of surface pressure 
were used to compute M. TM consists of an explicit pres- 
sure term which involves the zonal gradient of the moun- 
tain height h and a gravity-wave stress To. The latter and 
the boundary-layer stress TB needed for Tr are estimated 
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Figure 3. Lag correlations between the NH TM and the PCs 
in the 15-30-day band. Solid curve: NH PC-l; short dashed 
curve: NH PC-2; long dashed curve PA C PC-3. Shaded: 99% 
confidence interval from a Monte Carlo test using correlations at 
random lags. 
forecasts. Gravity-wave stresses are difficult to estimate ac- 
curately [Loft and Miller, 1997]. They were found to de- 
grade the angular momentum balance and were therefore 
excluded from our calculations. We analyze three-day av- 
erages of all quantities and focus on Ta• evaluated using 
only pressure and topographic height, both of which are di- 
rectly measured quantities. The 40-year grand mean was 
subtracted to eliminate systematic biases due to inaccura- 
cies in the parameterized values of TO and TB. 
Appendix B' Spectral analysis methods 
All spectral analyses shown in Figure 1 and mentioned 
in the text were performed using the SSA-MTM Toolkit 
[Derringer et al., 1995]; its latest version, Version 4.0, is 
available as freeware at http://www. atmos.ucla. edu/tcd/. 
The band-pass filter used in Figure 3 and elsewhere in 
the text is based on a Kaiser window and its parameters are 
adjusted to minimize Gibbs effects [Hamming, 1983; Scav- 
uzzo et al., 1998]. The resulting transfer function is very 
close to unity for 16-30 days and nearly zero above 44 and 
below 13 days; its half-power points are at 15 and 35 days. 
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